The growth (or decay) of salt marshes depends on suspended-sediment flux into and out of the marsh. Suspended-sediment concentration (SSC) is a key element of the flux, and SSC-based metrics reflect the long-term sediment-flux trajectories of a variety of salt marshes. One metric, the flood-ebb SSC differential, correlates with area-normalized sediment flux and can indicate salt-marsh resilience over months to years. We hypothesize that these metrics may be relevant over shorter time periods. With data from 13 salt-marsh channels, we show that sediment flux direction and magnitude can be inferred from SSC differential over a wide range of timescales. Furthermore, in settings characterized by a standing tidal wave, the water-level gradient can be used instead of velocity to compute the SSC differential, enabling less-intensive measurements that capture fundamental sediment-flux parameters. Distilling the sediment-flux trajectory into simple metrics improves sediment-budget assessment, drives geomorphic model development, and clarifies field observations.
Introduction
Salt marshes are highly productive ecosystems and are often the first line of defense against coastal storm impacts, protecting shorelines and attenuating waves (Gedan et al., 2011) . Understanding the trajectory of salt marshes-whether they expand or retreat, accrete or erode-is key to predicting their future evolution. Suspended-sediment supply has long been associated with the persistence of salt marshes (Redfield, 1972) , with a sediment surplus indicating an accreting or laterally expanding marsh, and a deficit an eroding or retreating marsh. (Other processes like organic production are also relevant to maintaining marsh elevation Nyman et al., 2006.) Determining the sediment trajectory requires accurate sediment-flux measurements. Both water (Lane et al., 1997; Simpson & Bland, 2000) and sediment (French et al., 2008; Townend & Whitehead, 2003) fluxes, however, are difficult to measure, particularly in determining a residual flux from large and opposing flood and ebb values. Employing simpler parameters that capture net flux direction and magnitude, then, is an appealing prospect.
Idealized wetland geomorphic models (e.g., D'Alpaos & Marani, 2016; Mariotti & Fagherazzi, 2010) require synthesized, distilled field observations to serve as model boundary conditions. Constant and uniform SSC is specified in many wetland models, including the elevation-based Marsh Equilibrium Model (e.g., Byrd et al., 2016; Schile et al., 2014) and WARMER models (Swanson et al., 2014) , as well as idealized 3D models (Kirwan & Murray, 2007) . Other idealized models may allow spatial variability in suspended-sediment concentration (SSC), but specify constant sediment supply at the model boundary. Additional parameters, including time-variable SSC and different SSC values corresponding to floods and ebbs are logical metrics for model development because temporal variability may be crucial to flux dynamics.
Metrics based on SSC, including the flood-ebb SSC differential and mean SSC, have been shown to reflect the sediment-flux trajectory for a variety of salt-marsh systems Suk et al., 1999) . Much of the previous work demonstrating a linear relationship between the SSC differential and area-normalized sediment flux has been applied at timescales several weeks to several months in length, leaving unclear how or whether these metrics apply to shorter timescales, as well as the mechanistic driver of the relationship. In the present work, we show that these metrics are robust at timescales as short as a diurnal tidal cycle. We further show that for sites with a standing tidal wave, defining flood and ebb using the temporal water-surface gradient instead of velocity is sufficient to apply these metrics. The nature of these metrics is explained via a simple model and sediment-flux decomposition.
Study Sites
We consider tidal-channel timeseries data previously collected and published by the U.S. Geological Survey in seven salt-marsh complexes on the U.S. Atlantic and Pacific coasts, and present new data from two sites
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• Supporting Information S1 • Figure S1 • Table S1 • Text S1 10.1029/2019GL083819 on the U.S. Gulf coast ( Figure 1) . Sites re-analyzed here include Seal Beach, California Rosencranz et al., 2016) , Blackwater and Fishing Bay, Maryland , Reedy Creek and Dinner Creek, New Jersey (Suttles et al., 2015) , and Ogunquit, Maine ; full details of those studies are given in the preceding citations. All sites had well-defined creeksheds (i.e., drainage areas landward of the measurement location) constrained by topographic boundaries and were drained by a primary tidal channel, where sediment-flux measurements were made. Maximum tidal range was 0.35 to 2.0 m at the sites, which featured a mixture of salt-marsh vegetation species, climate, elevation, and relative sea-level rise .
Additional sites for this study are located in Grand Bay, a subembayment of Mississippi Sound in the Gulf of Mexico. Straddling the Alabama/Mississippi border, Grand Bay is a 30-km 2 microtidal bay surrounded by 20 km 2 of salt marsh with lateral erosion rates up to 5 m y −1 . We measured sediment fluxes and water-quality parameters from August 2016 to January 2017 (Nowacki et al., 2018) in two tidal creeks, Bayou Heron and Bayou Middle, which incise a Juncus roemerianus salt marsh and drain to Grand Bay. Bayou Heron, with a channel width of 140 m and thalweg depth of 4 m at the measurement location, is larger than Bayou Middle, which has a width of 50 m and is 3 m deep. Maximum tidal range is 0.7 m in both channels.
In addition to the nine sites already described, in Section 4.2 we consider data from four previously published studies at salt-marsh sites in the United States ( Figure 1 ) and the Netherlands.
Methods
We use two primary metrics: flood-ebb SSC differential (ΔC), defined as mean flood SSC minus mean ebb SSC, with flood and ebb determined using velocity direction, and mean SSC (⟨C⟩). Later, we consider an additional method of determining flood and ebb by using the temporal water-surface gradient (ΔC ws ) in locations with a standing tidal wave. These metrics can be applied over any timescale equal to or longer than a tidal cycle. The timescale used historically has been the longest possible for a given data set, capturing as many events as possible in an attempt to represent the long-term trajectory of the system. Here we apply the metrics over shorter timescales: the diurnal tidal cycle (24.8 hr), spring-neap cycle (14 days), one and two lunar months (28 days and 56 days), and full deployment (mean 76 days, range 25-147 days). We have time-weighted the ΔC for the diurnal interval by multiplying the mean concentrations on flood and ebb by the duration of the flood and ebb, respectively, and dividing the difference of these numbers by the total duration of flood and ebb. The relationships described at the diurnal interval hold without the time weighting, but with weaker correlations, because small differences in the actual length of the tidal cycle and the averaging interval may introduce errors in the computed quantities. A brief discussion of error sources and their potential impact on these metrics is available in the supporting information. We compute the total sediment flux as the product of the water discharge and SSC: Q t = QC. We normalize these fluxes by the landward drainage area of each channel:
Positive values of Q s indicate sediment import to the marsh complex. This approach assumes that mass is not exchanged across creekshed boundaries, and that fluxes derived from the channel measurements are representative of the creekshed; this assumption is discussed in the supporting information.
Results
Computing the Metrics
Inspecting data collected at Bayou Middle provides an example of computing ΔC and ⟨C⟩ (Figure 2 ). During the 1-month example timeseries, SSC ranged from about 10 mg L −1 to greater than 100 mg L −1 because of tidal variability and wind-wave resuspension from daily sea breezes (Figure 2a ). The 15-min SSC data are averaged into tidal (24.8 hr) and spring-neap (14 days) intervals ( Figure 2b ). These different ⟨C⟩ averaging intervals illustrate variability at different scales (e.g., diurnal, storms, fortnightly) and show a reduction in variability with longer timescales. The tidal interval shows greater ⟨C⟩ during spring tides and lessened ⟨C⟩ during neaps. As plotted, variability in the fortnightly ⟨C⟩ is minimal, although an expanded time range might reveal storm or seasonal variations. As was the case for ⟨C⟩, ΔC varies on multiple timescales (Figure 2c ). Tidal ΔC is not clearly correlated with the spring-neap cycle, although an increase in ΔC does appear during a short-lived storm centered around 15 August, indicated by greater SSC variability and elevated minimum SSC values. A minimum in ΔC occurs around 10 August, when elevated SSC and ebb flow associated with seiche in the embayment at the mouth of Bayou Middle drives a strongly negative ΔC. Along-channel Q s direction (Figures 2d and 2e ) is not obviously related to position within the spring-neap cycle, storm presence, or other features in the timeseries. Visual inspection suggests it may be related to ΔC or ⟨C⟩, possibilities which we consider in the following section.
Predicting the Flux Direction and Magnitude
At all locations and averaging intervals, ΔC is correlated with Q s (Figure 3 ), predicting net flux directionality over the timescale of interest. For example, if SSC and velocity are measured for 14 days, one can be reasonably confident that the sign of the net sediment flux over those 14 days is the same as that of ΔC-that is, that positive ΔC indicates sediment import, and negative ΔC indicates export.
A challenging aspect of accurately measuring net sediment fluxes is that two large values, one positive and one negative, are combined, resulting in a residual value often near zero. Indeed, predicting net sediment-flux direction using ΔC has greater success when ΔC is relatively large. For example, when considering all timescales, we have 75% confidence in predicting Q s direction when the absolute value of the flood-ebb SSC differential (|ΔC|) is less than 1 mg L −1 . When |ΔC| is greater than 1 mg L −1 , this rises to 83%; when |ΔC| is greater than 5 mg L −1 , our confidence is 97% that the direction of Q s is the same as ΔC. This relatively easy-to-measure metric quantifies uncertainty in the sediment budget: the sign of a large ΔC value is more likely to indicate the true flux direction.
The predictive power of ΔC also tends to improve with lengthening of the averaging interval (Table 1) . For example, at the tidal timescale, directional agreement is 76%, but at the 2-month interval, the agreement is 83%. As above, restricting |ΔC| to values greater than 1 mg L −1 improves the agreement to 84% at the tidal Note. Definitions for sign agreement include all data (f ), those with absolute value of ΔC greater than 1 mg L −1 ( |ΔC|>1 ), and for standing-wave sites, using the water-surface gradient to determine flood and ebb, with |ΔC ws | > 1 mg L −1 ( |ΔC ws |>1 ). Sample sizes n are shown for each of the fractional agreement values. Values of ΔC for the 24.8-hr interval have been time-weighted, and Blackwater has not been included in computing the best-fit line.
timescale and 90% at the 2-month interval. The y-intercept of the regression (Table 1) can be used to assess the applicability of this metric for a given site, as ΔC values less than the intercept may result in an incorrect inferred flux direction.
In addition to the flux direction, ΔC can be used to predict the magnitude of the residual sediment flux. We omitted Blackwater in developing the best-fit line between ΔC and Q s because it has a large internal source of sediment from marsh deterioration and subsequent conversion to open water (Stevenson et al., 1985; Ganju et al., 2015) . Including Blackwater at the 24.8-hr interval reduces the goodness of fit, which we speculate may be related to the strong subtidal flux at that location. Across all timescales, least-squares slopes range from 0.057 to 0.190 (Table 1) . As timescales lengthen, the slope of the relationship between ΔC and Q s decreases, but remains within a factor of three. In Table 1 , we have chosen a single regression at the diurnal timescale; individual slopes for each site are presented in Supporting Information Table S1 , and variation among the individual slopes is discussed in Section 4.
Defining Flood and Ebb by Water-Surface Gradient
For sites with a standing tidal wave, flood and ebb can be approximately defined using the temporal water-surface gradient instead of flow velocity. The phase differences between the water-level and velocity for the primary tidal constituent at Blackwater and Fishing Bay are 1 • and 36 • , respectively, indicating that they both have roughly progressive tides, so we remove them from this analysis. The other sites had phase differences of 75±9 • (range 54-84 • ), representative of standing-wave tides. Using the gradient to compute the flood-ebb SSC differential (ΔC ws ) for these sites maintains the relationship with Q s for ΔC ws > 1 (Table 1) . At the tidal timescale, there is 72% agreement in directionality. At the 2-month and longer interval, the agreement is 100%. For these standing-wave sites, simply measuring the water level and SSC is sufficient to predict whether a marsh is importing or exporting sediment over a given averaging interval.
Discussion
Flood-Ebb SSC Differential as a Predictive Tool
An idealized model specifying sinusoidal water discharge and different functional forms for SSC illustrates how ΔC can predict net sediment flux. Assume Q = sin t, C = c 0 + c 1 sin t, and Q t = QC, where is the angular tidal frequency, c 0 is the mean SSC, and c 1 is the amplitude of the SSC variability such that C ≥ 0.
Here SSC is a scaled and shifted version of water discharge. Integrating Q t over a tidal cycle gives
The flood-ebb SSC differential is
In this scenario, net water flux is zero, but net sediment flux need not be because c 1 drives variability in C over the tidal cycle. Both ΔC and net Q t scale with c 1 , the amplitude of the SSC curve, and as a result, ΔC varies linearly with Q t . A simpler scenario models SSC as a square wave: C = c 0 + c 1 sign (sin t). Here ΔC = 2c 1 , and the integrated sediment flux is Again ΔC and Q t scale with c 1 . In both scenarios, the sign of ΔC indicates the sign of Q t , and furthermore a larger ΔC (via greater c 1 ) drives a larger Q t .
For less-idealized field observations, we can implement a flux decomposition approach (e.g., Dyer, 1974) such that
where u is the mean channel velocity, a is the channel area, C is SSC, angle brackets indicate tidally averaged values, and primes denote deviations from the tidal average. The first term on the right-hand side is the advective flux, arising from the subtidal terms; the second is the dispersive flux, attributable to the tidal-scale temporal correlation between velocity and SSC; and the third is the Stokes-drift flux, from the correlation between velocity and depth when tides are progressive (this term is zero for standing-wave tides). For the purely tidal system described in the idealized example above, the advective component is zero because ⟨u⟩ = 0.
The advective and Stokes components depend on ⟨C⟩, and the dispersive component is dependent on temporal (e.g., flood-ebb) SSC fluctuations, similar to ΔC. At all sites, ΔC scales with ⟨C⟩ (Figure 4 and supporting information Figure S5 ), so much of the sediment-flux signal is captured using these parameters. In general, systems with large ⟨C⟩ have considerable sediment sources (e.g., river input, eroded marsh material) nearby, and these sources may preferentially influence one phase of the tide. As a result, when ⟨C⟩ increases, the absolute value of ΔC is likely to increase as well.
Comparison to Other Studies
Here we consider four additional studies (Dankers et al., 1984; Settlemyre & Gardner, 1977; Suk et al., 1999; Ward, 1981 ) that included tabular data from which ΔC, ⟨C⟩, and Q s can be computed. These studies, three in the United States and one in the Netherlands, measured fluxes in salt-marsh tidal channels over periods ranging from several weeks to nearly a year. The relationship between ΔC and Q s was moderate to strong in all four studies, with r values ranging from 0.71 to 0.98, and diurnal ΔC-Q s slopes ranging from 0.019 to 0.314 (Supporting Information Table S1 ). These slopes are comparable to those of the nine sites considered so far.
A wide range of sedimentary environments is captured in the combined 13-site data set: the maximum ⟨C⟩ of 257 mg L −1 is about 64 times greater than the minimum of 4 mg L −1 (Supporting Information Table S1 ). The absolute value of ΔC ranges from 0.05 to 110 mg L −1 , with six of the 13 sites having negative ΔC. When considering both importing and exporting sites, ΔC remains correlated with both ⟨C⟩ and Q s (Supporting Information Figures S4 and S5) , continuing the trends identified in Figures 3 and 4 .
Relating C to Geomorphic Development of Salt-Marsh Systems
Computing ΔC provides a metric by which to infer net sediment flux for a given time period. Over a sufficiently long period, this quantity is representative of the salt marsh's geomorphic trajectory because long-term sediment flux ultimately drives growth or decay. At the longest temporal scales-seasons, years, and decades-remotely sensed quantities like the ratio of unvegetated to vegetated marsh coverage (UVVR) are indicative of marsh health . Vertical accretion and its relation to ⟨C⟩ also are often used to assess the health of a marsh, but ⟨C⟩ misses a fundamental aspect of sediment in suspension-the direction in which it is being fluxed. A valuable alternative is found in ΔC, which incorporates the flux direction via its relationship to Q s . Even though the indicated flux direction and magnitude is limited to that of the monitoring period, shorter measurement campaigns remain valuable. If a large storm-a hurricane, for example-is captured during a relatively short record, the ΔC method enables inference of the directionality of marsh-channel sediment flux during that event, which can be compared to remotely sensed data collected prior to and after the storm. Similarly, if the sediment supply is dominated by tidal action, then a shorter campaign may indicate as much with ΔC. Measurement campaigns can be timed to when a setting is most active and expected to have the largest flux signals, for example, winter storms or summer sea breezes.
A sediment budget representative of the period of interest can in this way be developed via application of ΔC. This approach can be simplified further if a standing tidal wave is present: in this case, a pressure and turbidity sensor may be deployed instead of using velocity instruments.
For the systems considered in this study, we can use representative values of ΔC for the longest timescales to infer marsh resilience. Using the long-term ΔC-Q s relationship in Table 1 and assuming a ΔC value of 1 mg L −1 (reasonable for the marshes in this study; Supporting Information Table S1 ) and a marsh-sediment density of 373 kg m −3 results in a depositional thickness of 0.375-0.472 mm on a theoretical marsh over the course of a year. (This estimate assumes no lateral expansion of the marsh and represents an upper bound on deposition.) Given that the average rate of local sea-level rise at the nine sites considered here is 3.2 mm y −1 , a ΔC value of 1 mg L −1 is not sufficient to prevent marsh drowning. On average, ΔC must be at least 15-30 mg L −1 to prevent submergence for the sites considered here. The mean ΔC for the sediment-importing sites (Bayou Heron, Dinner Creek, Fishing Bay, Ogunquit, and Seal Beach 1) is approximately 2 mg L −1 , indicating that sediment deficits are pervasive even for those sites not losing sediment.
Collapsing the C-Q s Slope Using Creekshed Area
Developed using creekshed areas spanning two orders of magnitude (0.2-70 km 2 ), site-specific diurnal regression slopes range from 0.042 to 0.314 (Supporting Information Table S1 ). As a result, using the slope from Table 1 (0.190±0.006) instead of the site-specific slopes could result in a predicted sediment flux that is low by a factor of two or high by a factor of four. The approximately eightfold increase between the minimum and maximum slopes is considerable, but shows that normalizing the flux by drainage area is an important step in constraining this relationship. Without normalizing by the area, the relationship with directionality would hold, but with less skill in predicting the flux magnitude. Although area-normalizing improves the prediction skill, the remaining range in slopes hints at what additional parameters may be important in further collapsing the relationship. The smallest slopes correspond to two sites-Blackwater and the channel studied by Dankers et al. (1984) -that are relative outliers. Blackwater has by far the largest drainage area and the second-highest mean SSC, about 64 mg L −1 . The Dankers et al. (1984) channel had a relatively small drainage area but had the greatest mean SSC by a factor of four over Blackwater, and a factor of 12 over the nine-site average (Supporting Information Table S1 ). Similarly, the slope between ΔC and ⟨C⟩ begins to flatten for large values of ΔC (Figure 4 and Figure S5 ). That the slopes appear to level off at high ΔC, and ⟨C⟩ may suggest a change in the relationship between these three variables at sites with high concentrations, and that an additional geomorphic or sedimentary parameter could be used to collapse the relationship further.
Conclusions
Previous work has shown the importance of the flood-ebb SSC differential (ΔC) as an indicator of sediment-flux direction and, by inference, tidal wetland vulnerability, over monthly and longer timescales. By extending this approach to shorter timescales using data from 13 salt-marsh channels, we showed the relationship holds down to the 24.8-hr tidal timescale. In addition to directionality, flux magnitude can be predicted with ΔC. For sites with a standing tidal wave, flux direction can also be inferred by defining flood and ebb using the water-surface gradient. The magnitude of ΔC provides a quantification of uncertainty, with smaller values indicating less certainty in the predicted flux magnitude and direction. The functionality of ΔC is explained both by idealized modeling and decomposition of measured fluxes. Furthering existing awareness that the wetland geomorphic trajectory must be considered from three spatial dimensions instead of simply vertical accretion, this work highlights the importance of variable timescales in vulnerability considerations. These results should help drive future modeling and observational campaigns, and provide positive implications for the utility of short duration and relatively simple salt-marsh monitoring programs.
